Although die casting enables high productivity, pore defects in the die castings are unavoidable. These pore defects influence the mechanical properties or air leakage efficiency of the products. To reduce the number of pore defects, we performed compression tests on the front housings of car air conditioners made by ADC12 aluminum alloy die casting at room temperature. Because of plastic deformation, the porosity rate of the die castings decreases as the compression strain of the specimen increases, particularly in the middle of the specimens where the porosity rate is high. However, the efficiency of the reduction in the porosity rate and damage of the products differs depending on the compression load. Consequently, it is necessary to investigate the conditions of the compression load to enable this method to be applied in practice.
Introduction
The housings of compressors for car air conditioners are manufactured by high pressure die casting. High pressure die casting has considerable advantages over other manufacturing processes. High production rates can be achieved; very complex castings can be produced; and thin wall sections, which reduce both material cost and component weight, can be cast. However, high pressure die casting induces many defects, such as gas porosity and shrinkage porosity. Gas porosity is caused by gases trapped in cavities, runners and injection systems during the injection of molten metal. 1) Shrinkage porosity is caused by the reduction in volume of the casting alloy, which occurs during solidification. 1) Porosity adversely affects the mechanical properties and air leakage resistance of compressors. To manufacture reliable compressors, it is absolutely necessary to reduce the porosity rate.
Conventionally, an impregnation process has been applied to fill porosity with organic solvent, to prevent the air leaks of compressors.
2) However, impregnation is a time-consuming process that decreases the productivity. Also, impregnation solvent adversely affects the environment.
To minimize the porosity rate in compressors, high integrity die casting has been developed, such as highvacuum die casting, squeeze casting and semi-solid metal processing.
2) However, tooling and equipment are relatively expensive. Also, because of the complexity of machinery, maintaining the required high quality levels is not an easy task.
A forging process is conventionally used to close internal defects in steel ingots. [3] [4] [5] [6] However, this process is only available for simple-shape ingots for which it is possible to apply high compressive strain.
We applied compressive loads to compressors, which were manufactured by high pressure die casting to reduce the internal porosity rate. If compression is a valid mechanism for reducing the porosity rate produced by high pressure die casting, it could be an alternative to impregnation processes. This method has the advantages that the cycle time for compression is low and that it is environmentally friendly. Motomura et al. 7, 8) investigated the relationship between the compression strain and the mechanical properties of ADC12 aluminum alloy by applying hot compression processing to simple-shape specimens. However, in applying compression on actual compressors, some problems need to be solved. First, because the compressors are manufactured into a near net shape, compressive strain must be low. In this case, the efficiency of reducing the porosity rate inside the compressors has not been clarified. Secondly, actual compressors usually have complex geometries. The contact area of the tool for applying compression is limited. In this case, the efficiency of reducing the porosity rate inside compressors has not been clarified. Thirdly, for high productivity, the compression must be applied at room temperature, or near room temperature. At room temperature, aluminum alloy for casting, such as ADC12, has low forgeability. The possibility of generating plastic deformation sufficient to reduce the porosity rate inside compressors at room temperature without damaging the products has not been studied.
In this study, we performed compression tests at room temperature on actual products of high pressure die casting of ADC12 aluminum alloy. The porosity reduction efficiency is estimated quantitatively using the porosity rate, which is defined as the defect area divided by the whole crosssectional area. The validity of applying compression to reduce the porosity rate is discussed.
Experimental Procedure

Specimen and compression test
The specimens used in the present work were the front housings of compressors of car air conditioners that were manufactured as actual products made from ADC12 aluminum alloy. ADC12 is the aluminum alloy typically used for automotive components. The geometry of the cross section of the specimen is illustrated in Fig. 1 . Due to a subsequent machining process after casting in the area A in Fig. 1 , which is surrounded by dotted lines, internal defects were exposed to the atmosphere. This decreased the air leakage resistance. To reduce the porosity rate in area A, compression was applied. Two types of load conditions were chosen to observe the difference in the porosity rate reduction efficiency. Type I: Compression is applied only on ‹ and › in the direction indicated by the arrows in Fig. 1 . Type II: Compression is applied on ‹, › and fi in the direction indicated by the arrows in Fig. 1 .
The specimens were compressed by a mechanical press using a jig, as illustrated in Fig. 2 . The maximum load was approximately 400 tons and the maximum rate was approximately 180 mm/s. To enable plastic deformation, gaps between the specimen and the jig were provided, as illustrated in Fig. 2 . The output energy level of the pressing machine was changed by several steps to apply the various powers of compression. All of the compressions were carried out at room temperature. Figure 3 presents an enlarged illustration of area A in Fig. 1 . Compression was applied only on the limited plane surface because there are round chamferings and grooves, as indicated in Fig. 3 . There are also gaps between the specimen and the jig to enable the plastic deformation. The porosity rates were measured for areas I to III. Area I is the surface section of the specimen located directly below the contact area of compressive load ›. Area II is the internal section of the specimen located directly below the contact area of compressive load ›. Area III is the internal section of the specimen located a small distance from the contact area of compressive load ›. The dimensions of the measurement areas are also shown in Fig. 3 . a 1 and a 3 are 2 mm. The other dimensions are different for each specimen owing to plastic deformation after applying compression. a 2 is 5 to 6 mm, a 4 is 2 to 3 mm and a 5 is approximately 1 mm.
Sampling procedure for porosity rate measurement
For the calculation of the porosity rate, we first polished the surface of cross-sectional area A of the specimen, imported the micrographs into a personal computer and digitized the images using image processing. In this digitization process, it is possible to define the black parts as porosity regions and the white parts as base metal by adopting appropriate threshold settings. Next, we calculated the number of black pixels divided by the total number of cross section pixels (640 pixels Â 480 pixels), and defined this ratio as the porosity rate.
To express the compression performance quantitatively, compressive strain " was introduced. Compressive strain was defined as the strain of height h, as indicated in Fig. 1 .
Experiments were conducted on three specimens for each power output of the pressing machine. Each observation was carried out for identical parts of each specimen. The measurements were conducted at four points in each area. The porosity rate was calculated as the mean value of 12 points (3 specimens Â 4 points for one area), and compressive strain was calculated as the mean value of three specimens. In the experiments with large compressive strain, we were unable to remove some specimens from the jig because of the large plastic deformation. In these cases, the porosity rate and compressive strain were calculated as the mean value of two specimens.
In addition, porosity rate was measured at the area directly below compression ‹. However, we could not observe any difference between these results and the results obtained for area I. Therefore, the results obtained from the measurements of this area were omitted in the following results section. Figure 4 plots the porosity rate for each compression strain. For the specimens before applying compression (i.e., " ¼ 0%), the porosity rate was low at the surface section of the specimen (area I), and high at the internal section of the specimen (area II). The surface section that makes contact with the die was cooled more rapidly than the internal section. The gases in the surface section moved to the internal section where solidification had not yet finished.
Results
Compression condition type I
Although there are some variations from specimen to specimen because of the pre-existing variations in the high pressure die casting products, we concluded that the porosity rate decreased as compression rate increased for both areas I and II. Particularly for area II, where the original porosity rate was high, the porosity rate was reduced efficiently. This is because plastic flow is prevented by the jig at the surface section, and the plastic flow is large at the internal section. Therefore, compression enables reducing the porosity rate for high pressure die casting that has a high porosity rate in internal sections. In actual products, the internal porosity is exposed to the atmosphere by subsequent machining processes and usually air leakage problems occur. Therefore, reducing the internal porosity rate in this area leads to high productivity and high product quality.
In area III, although the compression was applied a short distance away, the porosity rate decreased. This indicates that even if compression is not applied directly, there is some reduction in the porosity rate.
Note, as indicated in Fig. 5 , a crack was observed at point B in Fig. 3 .
Compression condition type II
In compression condition type I, a crack was observed. Shear stress became significantly large at point B because stress concentration occurred because there was no applied compression fi. Therefore, we attempted compression condition type II, which included compression fi. This compression would lower the shear stress at point B and prevent crack generation. Figure 6 plots the porosity rate for each compression strain. Figure 7 presents sample micrographs of area II before compression and after compression (" ¼ 10:1%). For all areas, the porosity rate decreased as compression rate increased. Particularly for area II, where the original porosity rate was high, the porosity rate was efficiently reduced. This tendency is also observed from the micrographs, which indicate that a large porosity became a small porosity. This indicates that the differences between the porosity sizes of each area became small; therefore, homogeneity in the specimen was achieved by applying compression. Also, porosity decreased in area III, although the reduction in porosity is lower than for area II. This indicates that, if plastic flow is well controlled, porosity reduction is possible without the direct application of compression. Therefore, compression should be suitable for complex-shape high pressure die casting products. The vertical axis in Fig. 8 is an expansion of the vertical scale between 0 and 0.6% in Fig. 6 . Although area I has a lower porosity rate than areas II and III, Fig. 8 indicates that a reduction in porosity rate was also achieved by applying compression.
For compression condition type II, we achieved a reduction in porosity rate without generating a crack at point B, where stress concentrated. Therefore, with this method, it is possible to reduce the porosity without damaging the product if the direction and distribution of compression are appropriately controlled.
Conclusions
Compression tests on compressors manufactured from ADC12 aluminum alloy by high pressure die casting were conducted at room temperature to reduce the porosity rate. The following results were obtained.
(1) Porosity rates decreased as compression rates increased. It was possible to reduce the porosity rate by approximately 50% in area II by applying a 10% compression rate, which is a low compression rate. This indicates that this method is suitable for high pressure die casting products that are manufactured into a near net shape. (2) Actual compressors have complex geometries and the contact area of tools for applying compression is limited. If the plastic flow is appropriately controlled, porosity rate reduction would be feasible even without directly applying compression to the porosity. (3) Aluminum alloy for casting, such as ADC12, has low forgeability. The possibility of plastic deformation sufficient to reduce the porosity rate inside the compressors at room temperature without damaging products was shown. (4) The porosity rate was markedly reduced, particularly for the areas with high porosity rates. Therefore, applying compression is suitable for achieving homogeneity in the products. (5) The difference in the compression conditions led to different porosity reduction rates and degrees of damage to the products. Therefore, it is necessary to optimize compression conditions to minimize residual stress in the products.
(a) Before compression. 
